Most organisms display endogenously produced ϳ24-hour fluctuations in physiology and behavior, termed circadian rhythms. Circadian rhythms are driven by a transcriptional-translational feedback loop that is hierarchically expressed throughout the brain and body, with the suprachiasmatic nucleus of the hypothalamus serving as the master circadian oscillator at the top of the hierarchy. Appropriate circadian regulation is important for many homeostatic functions including energy regulation. Multiple genes involved in nutrient metabolism display rhythmic oscillations, and metabolically related hormones such as glucagon, insulin, ghrelin, leptin, and corticosterone are released in a circadian fashion. Mice harboring mutations in circadian clock genes alter feeding behavior, endocrine signaling, and dietary fat absorption. Moreover, misalignment between behavioral and molecular circadian clocks can result in obesity in both rodents and humans. Importantly, circadian rhythms are most potently synchronized to the external environment by light information and exposure to light at night potentially disrupts circadian system function. Since the advent of electric lights around the turn of the 20th century, exposure to artificial and irregular light schedules has become commonplace. The increase in exposure to light at night parallels the global increase in the prevalence of obesity and metabolic disorders. In this review, we propose that exposure to light at night alters metabolic function through disruption of the circadian system. We first provide an introduction to the circadian system, with a specific emphasis on the effects of light on circadian rhythms. Next we address interactions between the circadian system and metabolism. Finally, we review current experimental and epidemiological work directly associating exposure to light at night and metabolism. (Endocrine Reviews 35: 648 -670, 2014)
I. Introduction
O ver the course of the 20th century, the prevalence of obesity and metabolic disorders rapidly increased worldwide. By the year 2000, the number of adults with excess body fat surpassed those who were underweight for the first time in evolutionary history (1) . The growth in obesity has been exponential in recent decades, particularly for the highest weight categories. For example, from 2000 to 2005, the number of individuals with a body mass index (BMI) over 50 (for reference, obesity is defined as BMI Ͼ30) increased 75% in the United States (2) . Obesity is a pathogenic condition defined by the accumulation of excess adipose tissue and is associated with serious health issues including diabetes, cardiovascular disease, hypertension, asthma, cancer, and reproductive dysfunction (3) . Obesity reduces quality of life, results in significant healthrelated complications, and more than doubles healthcare costs. In addition to traditional risk factors (high-calorie diet, sedentary lifestyle, etc) contributing to obesity, other environmental factors are likely involved in the development and maintenance of this condition (4) .
Multiple historic transitions in human lifestyle occurred during the past century, such as advances in travel and communication, greater urbanization, and the eradication of several diseases (5) . One environmental change that had a particularly dramatic effect on human lifestyle was the widespread adoption of electrical lighting. Electric lights provide many societal advances. Brightening the night has shed the negative stigma of night as a time solely for crime, sickness, sleep, and death (6) . The use of electric light at night played a major role in the industrial revolution, allowing for the creation of shift work. Furthermore, electrical lighting has given individuals the ability to self-select their sleep/wake schedule. Because the invention of electrical lighting occurred before an understanding of circadian biology, little concern was given for how exposure to unnatural light schedules may affect human mental and physical health. It is reasonable to suggest that exposure to electric light affects physiology and behavior because of the importance of the circadian system in regulating homeostatic functions in many organisms. Circadian rhythms are endogenously driven 24-hour rhythms in physiology and behavior that are most potently synchronized by light information. It is now becoming apparent that disruption of the circadian system with exposure to light at night causes significant physiological repercussions (7, 8) . In a sense, shift workers, who are exposed to high levels of light at night in the workplace, have served as society's canaries in the coal mine for maladaptive consequences of nighttime light exposure. Epidemiological evidence from shift workers suggests that prolonged exposure to light at night increases the risk of developing cancer (9) , sleep disturbances (10), mood disorders (11) , metabolic dysfunction (12) (13) (14) (15) (16) (17) , and cognitive impairments (18, 19) .Additionally,theincreaseinexposure to light at night parallels the global increase in the prevalence of obesity and metabolic disorders ( Figure 1 ).
Here we propose that increases in exposure to light at night during the 20th century and concomitant changes in lifestyle are associated with alterations in metabolism. We will first provide an introduction to the circadian system (Section II), with a specific emphasis on the effects of light on circadian rhythms (Section II.E). We will then address interactions between the circadian system and metabolism (Section III). Animal models have provided insight about the effects of circadian rhythm disruption on metabolism (Section III.A) as well as the effects of disrupted metabolism on the circadian system (Section III.B). Next, we will review current experimental (Section IV.A) and epidemiological (Section IV.B) work directly associating exposure to light at night and metabolism. Finally, we will present alternative pathways through which light at night may affect metabolism (Section V).
II. Circadian Clockwork
The rotation of the Earth about its axis produces a highly consistent cycle of light and dark (that varies latitudinally and on a seasonal basis). For more than 3 billion years, life on Earth evolved under natural lighting conditions. This led most organisms, from unicellular cyanobacterium to fruit flies and humans, to develop an endogenous timekeeping system that synchronizes physiological and behavioral processes to the external solar cycle (20) . Biological clocks can coordinate an individual's interactions with the external environment (eg, having an internal reference to the time of day can help animals avoid predation or engage in mating) and synchronize an individual's internal physiological and biochemical processes (eg, rhythmic hormone release in anticipation of food availability and sleep). Circadian rhythms are specifically defined as internally driven oscillations that meet several characteristics, including 1) the period of the rhythm is about 24 hours in the absence of environmental cues (21), 2) rhythms are buffered against changes in environment such as temperature fluctuations and behavioral feedback (22) , and 3) rhythms can shift under the influence of certain factors, but entrainment is limited to a specific range (23) .
One common example of a circadian rhythm in mammals is the presence of a sleep/wake cycle. In diurnal species, such as humans, sleep typically occurs during the dark part of the day, whereas nocturnal animals, such as house mice (Mus musculus), generally sleep during the light part of the day (see Section II.D for more details on diurnal vs nocturnal species). Sleep and activity rhythms parallel endogenous hormone rhythms. For example, cortisol secretion spikes in the early morning directly before awakening in humans and then drops throughout the day, reaching its nadir around the time of sleep onset (24) . Overall, circadian rhythms influence many physiological functions, and the importance of the circadian system is clearly demonstrated by considering pathogenic conditions that result from altering the circadian system (25) . Circadian rhythm disruptions contribute to a wide range of disorders including cognitive impairments, mood disturbances, and increased risk of cardiometabolic disorders (26) . To understand why these pathogenic conditions arise from disruption of the circadian clock, we review how and where circadian oscillations originate.
A. The suprachiasmatic nucleus is the master circadian oscillator
The suprachiasmatic nuclei (SCN) of the hypothalamus comprise the master circadian clock in mammals (26) , at the top of a hierarchy of independent self-sustaining oscillators. The SCN is located in the anterior hypothalamus directly above the optic chiasm and is composed of approximately 50 000 densely packed small neurons in humans and 8000 to 20 000 neurons in rodents (27) (28) (29) . The cellular make-up of the SCN is diverse, and the SCN contains several different peptides and neurotransmitters (30). There are multiple lines of evidence confirming that the SCN is the master circadian oscillator in mammals: 1) SCN lesions abolish circadian rhythms (31-33), 2) electrical and chemical stimulation of the SCN induce phase shifts (34, 35) , 3) transplanting an SCN into an animal whose own SCN has been ablated restores circadian activity (36) , and 4) individual neurons dissociated from the SCN display long-term (Ͻ1 month) self-sustaining oscillations (37, 38) . Cellular synchrony within the SCN is established through multiple mechanisms such as sodiumdependent action potentials and humoral signals (39) .
B. Molecular mechanisms of the circadian clock
The circadian clock in mammals is driven by an autoregulatory feedback loop of transcriptional activators and repressors (reviewed in Refs. 40 and 41) (Figure 2 ). Circadian locomotor output cycles kaput (CLOCK) and brain and muscle arnt-like protein 1 (BMAL1) form heterodimers that induce expression of period (Per1, Per2, and Per3) and cryptochrome (Cry1 and Cry2) through E-box enhancers (42) (43) (44) . Period (PER) and cryptochrome (CRY) proteins accumulate in the cytoplasm throughout the circadian day. Upon reaching critical levels, PER and CRY form a complex that translocates back to the nucleus to associate with CLOCK and BMAL1 and repress their own transcription (45) (46) (47) . This process takes approximately 24 hours to complete a full cycle. In addition to the primary feedback loop, other regulatory loops influence the circadian clockwork. For example, the CLOCK:BMAL1 heterodimer also activates transcription of retinoic acid-related orphan nuclear receptors, Reverb␣ and Rora, which have feedback effects primarily on Bmal1 (48) .
Core clock components are defined as genes with protein products that are essential for the generation and regulation of circadian rhythms (49) . Ablation of any of the core clock genes, Clock or Bmal1 (50), Per1 or Per2 (51), or Cry1 or Cry2 (52), disrupts circadian physiology (see Table 1 in Ref. 53) . A number of other secondary and tertiary clock components are necessary for generation of precise circadian rhythms (54) , and the criteria for what constitutes core clock genes are constantly evolving. RevErb and Per3 were not initially considered critical for maintaining clock function; however, the importance of these genes for circadian regulation is now widely accepted (55, 56) .
C. Additional clocks exist outside the SCN
Circadian oscillators are present in most, if not all, tissues of multicellular organisms. The SCN serves as the master circadian clock at the top of a hierarchically orga-nized system (41) . Tissue-specific clocks contain the molecular machinery necessary for self-sustaining oscillations (57) and have virtually the same molecular makeup as circadian oscillators in the SCN. Peripheral clocks are entrained by the SCN through both neural and hormonal signals (58 -60) as well as local factors such as nutritional signals (61) . Peripheral clocks do not appear to communicate with each other, but they are coupled to the SCN (62) . Ablation of the SCN in vivo has profound effects on peripheral oscillators (63) and peripheral oscillators show more rapid dampening of circadian rhythms in vitro (64) . Although SCN rhythms can persist for more than 1 month in vitro, peripheral rhythms decay within 2 to 7 cycles (38).
D. Diurnality vs nocturnality
Most basic research is conducted in nocturnal rodents, whereas epidemiological and clinical results refer to diurnal humans. What are some of the key differences between nocturnal and diurnal mammals? The circadian timekeeping system coordinates a biological day and a biological night that transition in a cyclic fashion. The biological night is considered the circadian time period that occurs during the dark part of the day. In diurnal (day-active) species, behavioral inactivity or rest characterizes biological night, whereas behavioral activity is typical during this time in nocturnal (night-active) species, although this is often relative because individuals of many species are only minimally active through much of the day. Despite activity profiles that are 180°out of phase, the fundamental function of the circadian system and mechanisms of the molecular clock appear conserved between nocturnal and diurnal species (65) . Indeed, the structural and chemical make-up of the SCN is similar in nocturnal and diurnal rodents of the same genus (66) . However, the downstream products of this conserved system can vary greatly between nocturnal and diurnal mammals. For example, temporal information for circadian control of corticosterone (67) . Importantly, the effect of light on entraining the circadian system (described in Section II.D) and photic inhibition of melatonin is similar between nocturnal and diurnal animals, although sensitivity to light can vary greatly (68) . Light also has some opposite effects on masking in diurnal and nocturnal rodents. Light pulses during the dark reduce activity in nocturnal rodents (negative masking) but increase activity in diurnal rodents (positive masking) (69) . Furthermore, many endocrine signals related to metabolism occur out of phase in nocturnal and diurnal mammals because feeding patterns are reversed.
E. Light entrains the circadian system
Exposure to constant dim light or total darkness results in a free-running circadian system (ie, a rhythm that is not entrained to the 24-hour day-night cycle). In most organisms, the circadian system functions with a period close to, but not exactly, 24 hours when free-running (21) . Therefore, circadian clocks require external input to entrain them to the environment (70) . Light is the most potent synchronizing factor for the SCN. Light information travels directly from intrinsically photosensitive melanopsin-containing retinal ganglion cells through the retinohypothalamic tract to the SCN (71) . The SCN receives additional indirect input from intrinsically photosensitive melanopsin-containing retinal ganglion cells via the intergeniculate nucleus and input from rods and cones (72) (73) (74) . Indeed, photo entrainment persists in melanopsin-deficient mice but not in triple knockouts that lack melanopsin, rod, and cone function (75) . Within the SCN, light induces rapid changes in cellular activities that have been extensively characterized by examining the expression of immediate early genes (76 -78) .
At the molecular level, exposure to light rapidly induces Per1 (79, 80) . A pulse of light during the dark phase can phase advance or delay the circadian clock depending on the timing, duration, and intensity of the light signal (81, 82) . In nocturnal rodents, light at the end of the dark phase advances the clock through advancing the onset of the Per1 rhythm and acutely increasing mRNA transcription, whereas light at the beginning of the dark phase delays the clock through delaying the offset of Per2 (82) . Higher intensities of light are required earlier as compared with later in the dark phase to induce these phase shifts in rodents (83) . Moreover, the duration of light exposure is critical in determining whether a light pulse phase shifts circadian rhythms in both humans (84) and rodents (85) .
Light intensities well below those produced by natural sunlight (10 000 lux) can induce phase shifting (light intensities around 180 lux phase shift activity rhythms in humans) (86) . The circadian system also appears to be sensitive to light intensities below the threshold that induces phase shifts (for example, see Ref. 87) .
The SCN can rapidly adjust to light shifts, whereas peripheral tissues shift more slowly and in different ways (38) . Although light is the most potent signal for the mammalian circadian system, other factors such as food availability and locomotor activity can feed back and influence circadian clock function (88, 89) . These types of stimuli can leave SCN rhythms intact, specifically altering clock gene expression in peripheral tissues (61, 90) .
As discussed above (Section II.A), multiple characteristics of the circadian system are conserved between nocturnal rodents and diurnal humans. In humans, specifically timed light pulses can also shift the circadian clock (91, 92). Moreover, both humans and rodents are most responsive to blue wavelength nighttime light exposure (93-95). Long wavelengths of light, such as red light, do not activate the melanopsin-containing retinal ganglion cells that project to the SCN (75) and therefore minimally influence the circadian system (96).
F. Light at night and the circadian system
In contrast to constant dark or dim light, exposure to continuous bright light produces locomotor activity arrhythmicity and flattens circadian rhythms in glucocorticoids and body temperature, two principle outputs of the circadian system (Table 1 ) (97-102). This is likely due to desynchrony among mammalian clock neurons in constant lighting conditions (103).
There is evidence that dim levels of light at night can also influence the mammalian circadian system (104, 105). Our lab and others have extensively characterized the effects of chronic exposure to ecologically relevant levels of dim light at night (ϳ5 lux) on rodent circadian systems (Table 1) ; 5 lux of nighttime light exposure is comparable to levels of light pollution found in urban areas (106, 107) and sleeping environments (14) . Exposure to chronic low levels of light at night alters circadian clock genes in both the SCN and peripheral tissue in mice (108, 109) . Exposure to dim light at night specifically attenuates the rhythm in Per1 and Per2 gene and protein expression in the SCN around the light/dark transition (108, 109) . Furthermore, expression of Bmal1, Per1, Per2, Cry1, Cry2, and Rev-Erb are all suppressed in the liver by exposure to dim light at night (109) . Nocturnal light may affect the liver through both autonomic and hormonal pathways (110) . The changes in clock gene expression associated with exposure to dim light at night do not result in disruption of either the glucocorticoid rhythm or locomotor activity rhythm (97, 109). Similar changes in circadian clock function are also apparent in the SCN of Siberian hamsters (Phodopus sungorus) exposed to low levels of light at night (111) . Hamsters exposed to dim light suppress PER1 and PER2 protein rhythms in the SCN independent of changes in activity rhythm. In contrast to mice, however, hamsters exposed to dim light at night display a flattening of the cortisol and melatonin rhythm. Other light manipulations such as chronic daily phase shifts or ultradian light schedules also affect the circadian system (Table 1) (112) (113) (114) . Overall, these results indicate that exposure to levels of nighttime lighting commonly experienced in urban settings can affect the circadian system. One important caveat to this work is that rodents are typically more sensitive to lower-intensity lighting than humans (94, 115).
Exposure to electric light also influences the circadian system in humans. A recent study by Wright and colleagues (116) examined the effects of electric light exposure on the circadian system in humans by measuring characteristic circadian and sleep patterns in adults maintained in a standard electrical lighting environment (ie, light that reflects daily routines of work, school, social activities, and self-selected sleep schedule) compared with a natural lighting environment (outdoor camping). People exposed to only natural light were more accurately synchronized to solar time. Furthermore, exposure to natural lighting reduced individual variability in melatonin and sleep rhythms making late chronotypes more similar to early chronotypes (116) .
Exposure to low levels of light at night influence a diverse array of functions associated with circadian disruption in other animals. For example, European blackbirds (Turdus merula), exposed to 0.3 lux of light at night develop their reproductive system up to 1 month earlier and molt sooner than birds maintained in dark nights (117) . Diurnal Nile Grass rats (Arvicanthis niloticus) exposed to light at night have impaired learning and memory and increase depressive-like responses compared with rats maintained in dark nights (118) . Furthermore, exposure to light at night affects foraging and predation (119 -121) and migration in multiple species (122) (123) (124) .
III. The Circadian System Regulates Metabolism and Vice Versa
The circadian system is involved in maintaining energy homeostasis (125) . Approximately 10% of the mammalian transcriptome display circadian oscillations (126 -128) . Among the rhythmic genes identified, many have a specific role in coordinating nutrient metabolism (128, 129) . For example, glucose transporters and the glucagon receptor, as well as multiple enzymes involved in the metabolism of sugars and the biosynthesis of cholesterols, are rhythmically expressed (109 -111). Metabolically related 
A. Knocking out the circadian clock and obesity
In addition to fluctuations in metabolic processes suggesting an association between the circadian and metabolic systems, disrupting the clock network through genetic manipulations has provided insight into the role of the circadian system in maintaining metabolic homeostasis (Table 2 ). Mice harboring mutations in various components of the circadian clock are susceptible to obesity and metabolic syndrome. Turek and colleagues (137) were the first to report that Clock mutant mice on a BALB/c and C57BL/6J background are susceptible to diet-induced obesity. Clock mutants display profound changes in circadian rhythmicity as well as disruptions in diurnal food intake and increased body mass. This phenotype may partially result from changes in endocrine regulation as serum leptin, glucose, cholesterol, and triglyceride levels are all increased in Clock mutants compared with wild-type mice. Deletion of Clock on an ICR background also results in metabolic alterations. In contrast to Clock deletion in a BALB/c and C57BL/6J background, ICR Clock-deficient mice are protected against weight gain due to impairments in dietary fat absorption (138) . The contrary effects of Clock deletion on energy balance in these strains may indicate that CLOCK protein affects metabolism through interactions with other strain-specific loci in the murine genome (138) .
Disruption of other core circadian clock genes also affects metabolism. Mice deficient in Bmal1 alter glucose and insulin secretion (139, 140) . Bmal1 Ϫ/Ϫ mice increase concentrations of circulating fatty acids resulting in formation of ectopic fat in the liver and skeletal muscle (141 Loss of clock function in peripheral tissues similarly affects metabolism. For example, altering Clock gene expression in liver and skeletal muscle impairs glucose processing and alters insulin secretion (151) . Deletion of pancreatic Bmal1 reduces glucose and insulin processing abilities, independent of changes in activity or feeding rhythms in mice (139, 152) . Mice with liver-specific deletion of Bmal1 exhibit hypoglycemia during the fasting phase, exaggerated glucose clearance, and loss of rhythmic expression of hepatic glucose regulatory genes (153, 154) . Changes in glucose processing with liver-specific Bmal1 deletion occur without changes in feeding behavior or locomotor activity, indicating a primary defect in metabolic responses (153) . In contrast, deletion of Bmal1 in adipocytes alters daily feeding rhythms and results in obesity (155) . Finally, Bmal1 deletion in the CNS produces deficits in locomotor activity entrainment by periodic feeding, reductions in food intake, and subsequent loss of body weight (156 Treatment with a Rev-Erb agonist increases energy expenditure and promotes weight loss in mice fed a high-fat diet (164) . Associations between clock genes and metabolism are also apparent in humans. Glycemic control in people with type 2 diabetes varies by chronotype; night owls (ie, people with a late chronotype) who eat a larger dinner tend to have poorer glycemic control independently of sleep disturbances (165) . Furthermore, BMI correlates with clock gene expression in peripheral adipose tissue depots (166) . Per2 expression levels in visceral adipose tissue inversely correlate with waist circumference (167) , and Bmal, Per2, and Cry1 levels negatively correlate with total cholesterol and low-density lipoprotein (LDL) concentrations. The methylation pattern of different CpG sites of Clock, Bmal, and Per1, are significantly associated with metabolic parameters including BMI, adiposity, and metabolic syndrome score (168) . Moreover, a common clock polymorphism is coupled to the presence of metabolic syndrome in humans (169).
B. Metabolism and the circadian clock are reciprocally related
The relationship between the circadian system and metabolism appears to be bidirectional. In addition to circadian system disruptions causing obesity, metabolic abnormalities alter circadian rhythms. For example, in humans, metabolically related diseases such as obesity and anorexia nervosa are associated with altered hormone and body temperature rhythms (170) . Obese individuals lack typical daily rhythms in glucose and insulin sensitivity (171) . Moreover, obese women have significantly lower wrist temperature and a flattened temperature rhythm compared with normal-weight controls (172) .
Animal research also indicates metabolism can affect the circadian system. Mice fed a high-fat diet lengthen their circadian period of activity, attenuate diurnal feeding rhythms, and dampen circadian rhythms in clock gene expression in peripheral metabolically related tissues (173, 174) . These changes appear to occur rapidly, because liver rhythms are phase advanced 5 hours, within 1 week of initiating a high-fat diet (175) . Furthermore, mice fed a high-fat diet delay re-entrainment of behavioral and physiological rhythms after a 6-hour phase shift (176) .
Modulation of leptin in mice and rats provides further support for the hypothesis that disrupting metabolism affects the circadian system. Zucker obese rats, a widely used obesity model produced by a single mutation in the gene encoding the leptin receptor (177), exhibit phase-advanced circadian rhythms and an attenuated amplitude of body temperature, activity, and sleep (178, 179) . Zucker rats increase daytime food intake when compared with lean controls (180, 181) , and preventing food intake during the light (inactive) phase ameliorates weight gain in Zucker rats (179) . Furthermore, db/db mice, which lack the leptin receptor, alter rhythms of multiple metabolically related hormones (182) and clock genes in peripheral tissues (183) . The ob/ob leptin-deficient mice attenuate rhythms in activity, heat production, and clock gene expression (184) . Disruptions in circadian rhythms, however, may occur before the onset of obesity in ob/ob mice (185) .
Other rodent models of obesity display similar changes in circadian rhythms. Rats with ventromedial hypothalamic lesions become obese and alter the daily pattern of food intake and circadian gene expression (186) . KK-A y mice, a mouse model of obesity and type 2 diabetes, attenuate clock gene rhythms in adipose tissue and the liver (187, 188) . Moreover, a subset of Mexican volcano mice (Neotomodon asltoni), are naturally susceptible to obesity and display phase-advanced activity-onset and attenuated locomotor activity rhythms compared with nonobese volcano mice (189) . Of note, one common feature in many of the obesity models discussed above is that rodents shift diurnal rhythms in food intake.
C. You are what when you eat?
Food is an important entraining signal for the circadian system. Restricting food intake to certain times of day can lead to anticipatory increases in wakefulness, locomotor activity, body temperature, and glucocorticoid secretion (190) . Food-entrainable oscillators appear dependent on extra-SCN signaling and likely involve the dorsomedial hypothalamus (191) . Indeed, although the SCN remains phase locked to light/dark cues, restricting feeding to certain times of day rapidly entrains circadian rhythms in the liver (192) . Additionally, in the absence of light cues, timerestricted feeding is capable of affecting the SCN. Restricting food intake to the same 3 h/d rescues both activity rhythms and Per2 rhythms in the SCN of rats maintained in constant light (193) . In contrast, timed feeding does not reliably produce anticipatory activity in mice made arrhythmic with SCN lesions (194) . In a study by Marchant and Mistlberger (194) , only 2 of 9 mice with complete SCN ablations consistently anticipated food availability.
Timing of food intake is now recognized as a critical factor in energy acquisition, storage, and expenditure. Mice fed a high-fat diet only during the 12-hour light (resting) phase gain significantly more weight than mice fed only during the dark (active) phase (195) . This change in body mass may be dependent on leptin signaling (196) . Importantly, in this experimental model, total daily caloric intake and locomotor activity did not significantly differ between groups, indicating changes in body mass can occur independently of changes in energy intake and output (195) . A more thorough examination of metabolic characteristics in food-restricted mice revealed lightphase-fed mice exhibit a higher respiratory exchange ratio (indicating decreased reliance on fat oxidation), tissuespecific alterations in metabolically related genes and circadian clock genes, changes in the circadian pattern of humoral factors (ie, corticosterone), and increased weight gain (197) . In the study by Bray and coauthors (197) , mice also differed in food intake; mice fed during the light phase increased food intake and ate larger meals. Similarly, rats fed during the light phase increase weight gain compared with rats fed only during the dark phase (198) . The time of day at which dietary fat is eaten also influences multiple cardiometabolic parameters (199) . High-fat meals eaten at the end, as compared with the beginning, of the dark phase lead to features of metabolic syndrome including weight gain, elevated adiposity, reductions in glucose processing, hyperinsulinemia, hyperleptinemia, and hypertriglyceridemia (199) .
As discussed above, multiple rodent models of obesity increase food intake during the inactive phase. This has led to recent research assessing whether preventing rest-phase feeding can ameliorate weight gain. Mice fed a high-fat diet that are food restricted to either 4 (200) or 8 (201) h/d during the dark (active) phase are protected against dietinduced obesity. Food-restricted mice consume equivalent calories as mice with ad libitum food access and yet are buffered against obesity, inflammation, hepatic steatosis, hypercholesterolemia, and hyperinsulinemia. Changes in metabolism in food-restricted mice are associated with improved intracellular signaling and nutrient utilization as well as greater circadian clock oscillations (200, 201) . Similarly, restricting food access to the 14-hour dark (active) phase reduces weight gain in Zucker obese rats (179) .
Accumulating epidemiological and experimental evidence in humans supports the hypothesis that when energy intake occurs is important in determining energy utilization. Timing of food intake predicts BMI in humans, even when controlling for variables such as sleep timing and duration. People who consume more food after 8:00 PM tend to have higher BMI (202, 203) . Moreover, weight loss therapy (combinatorial dietary and behavioral weight reduction plan) is more effective for individuals who eat early as compared with late eaters (204) . Women who eat their largest meal in the morning compared with the evening lose more weight and have a larger reduction in waist circumference even when consuming the same amount of total daily calories (205) . Evidence indicates late night snacking reduces fat oxidation and increases LDL cholesterol in women (206) . Short-duration sleepers also have increased risk for obesity, weight gain over time, and higher body fat composition (207) . Controlling for factors such as preference for fatty food, skipping breakfast, snacking, and eating out only partially accounts for the effects of short-duration sleep on obesity. This indicates that changes in metabolic homeostasis at different times of day may partially account for different body weight regulation (208) . Indeed, people with night eating syndrome, a disorder characterized by evening hyperphagia and nocturnal awakenings accompanied by food intake (209) , show alterations in metabolically related hormones and are more likely to be obese (210, 211) .
IV. Exposure to Light at Night and Obesity
Given the well-established role of light in modulating the circadian system, and the relationship between circadian and metabolic functions, it is not surprising that exposure to light at unnatural times affects metabolism. Increases in nocturnal illumination parallel increases in obesity and metabolic syndrome worldwide. Here we propose that exposure to light at night may be contributing to increasing rates of obesity. In this section, we will discuss evidence from animal models and epidemiological studies implicating exposure to light at night in the growing obesity epidemic.
A. Evidence from nonhuman animals
Exposure to continuous-light, non-24-hour light schedules, and dim light at night are all associated with metabolic changes in rodents. As discussed, exposure to constant light desynchronizes circadian activity in rodents (98). Swiss Webster mice maintained in constant light as compared with standard light/dark cycles increase body mass and reduce glucose processing without changing total daily home cage activity or food intake (97). C57BL/6J mice similarly alter metabolism in constant light, with body weight gain, reductions in insulin sensitivity, and a higher fat to lean mass ratio (98, 140). After 4 weeks of constant light, C57BL/6J mice lack a circadian rhythm in both food intake and energy expenditure. These changes are associated with reductions in circadian rhythm amplitude as measured by in vivo electrophysiological recordings of the SCN (98). Although rats maintained in constant light do not appear to increase weight gain, they do increase visceral adiposity and demonstrate higher feed efficiency than rats exposed to either a standard light/dark cycle or constant dim light (212) .
One limitation to studying the effects of constant light exposure on metabolism is that the circadian system becomes arrhythmic under bright constant-light conditions (97, 193) . Furthermore, with the exception of high latitudes, exposure to constant light in natural settings is rare. In contrast to constant light exposure, mice maintained in a bright light/dim light cycle maintain circadian locomotor activity and glucocorticoid rhythmicity (97). Mice exposed to dimly lit, as compared with dark, nights impair glucose processing, increase white adipose tissue depots, and elevate body mass gain (97). Changes in metabolism occur independently of changes in total daily food intake or home cage activity. However, mice exposed to dim light at night shift timing of food intake, consuming more during the light (rest) phase. Restricting food intake to the active (dim) phase, prevents weight gain in mice maintained in dim light at night. Placing mice back in dark nights after exposure to dim light at night partially reverses increases in body mass, suggesting changes in metabolism associated with nighttime light exposure are not permanent (213) . Exposure to dim light at night also interacts with more traditional obesogenic risk factors. Mice exposed to dimly lit nights exaggerate weight gain on a highfat diet (214) and weight gain is diminished with access to a functional running wheel (215) .
Studies of circadian desynchrony provide further support for an association between exposure to altered light schedules and changes in metabolism. Mice maintained on a 20-hour light/dark cycle incongruous with their endogenous ϳ24-hour circadian period accelerate weight gain and alter metabolically related hormones (216) . Rodent models of shift work have demonstrated altered light or activity patterns can disrupt liver transcriptome rhythms (217), flatten glucose rhythms, increase abdominal fat (198) , and conversely reduce body mass when shift work schedules are combined with other environmental challenges (218) . Notably, preventing daytime food intake may rescue metabolic changes in rats undergoing a shiftwork lighting schedule (198) .
B. Evidence in humans
Light exposure Ͼ180 lux phase shifts the human circadian pacemaker (86) , but even lower light intensities appear to affect the circadian system and suppress melatonin concentrations (219) . Importantly, 320 lux is the minimum required light level in offices and infirmaries by the Occupational Health and Safety Administration in the United States and industrial accident prevention guidelines often call for even brighter light for night shift workers to prevent job-related accidents. This indicates night shift workers are typically exposed to light levels well beyond those that affect the circadian system.
Multiple epidemiological studies in shift-working populations link exposure to light at night to metabolic impairments (220) . Healthcare personnel that work night shifts, as compared with day shifts, are at elevated risk for developing metabolic syndrome (221) . Shift work is associated with increased blood pressure, cholesterol, obesity, and hypertriglyceridemia in men (12, 222) and increased risk for obesity, hypertension, and hypertriglyceridemia in women (12) . A study of offshore personnel either chronically working day shifts or transitioning between day and nights shifts demonstrated that the number of years of shift work is positively associated with BMI in day/night workers. In contrast, age is the greatest predictor for BMI in the day shift population (15) . This suggests that chronic exposure to light at night can affect BMI to a greater extent than typical predictors of body mass. Several other studies indicate that working rotating shift schedules as compared with day schedules increases risk for developing metabolic syndrome (223) (224) (225) (226) (227) . Importantly, the effects of shift work on metabolism may be long lasting because former shift workers show an elevated risk of being obese (17) . Changes in metabolic signals may contribute to increased body mass in shift workers. For example, brief behavioral and endogenous circadian misalignment in a controlled laboratory setting alters leptin, insulin, and cortisol secretion and elevates blood pressure (228) . Moreover, forced desynchrony can produce postprandial glucose responses comparable to a prediabetic state (228) .
There are several limitations to drawing conclusions about light at night and metabolism based on epidemiological studies in shift workers. First, not only are shift workers exposed to light at night, but they also undergo behavioral circadian desynchrony, which makes it difficult to tease apart the influence of light alone. This is why animal models in which light can be manipulated in isolation and apart from sleep disruption are important in determining the direct effects of light on metabolism. Regardless, addressing the effects of light at night in shift workers remains valid because exposure to bright light at night does not typically occur in the absence of other circadian system disrupters.
Second, the light levels that shift workers are exposed to at night are not representative of the general population. In industrialized economies, approximately 20% of the population work night or rotating shifts (229, 230) . However, exposure to light at night occurs beyond the scope of shift work. Over 99% of the population in the United States and Europe experience nighttime light exposure (231) . Importantly, associations between exposure to light at night and increases in BMI are also apparent outside the shift working population. A recent study reported that increased light exposure in an uncontrolled home setting is associated with obesity and other metabolic consequences (14) . People with nocturnal light levels Ͼ3 lux had significantly higher body weight, elevated BMI, increased waist circumference, and elevated triglyceride and LDL cholesterol levels (14) . Moreover, a largescale epidemiological study demonstrated that social jetlag is associated with increased BMI, even when controlling for factors such as sleep duration (232) . Exposure to light at night can also lead to disrupted sleep as well as poor sleep quality (233) . Insufficient sleep is also associated with metabolic impairments (see Section V.C).
One final piece of evidence linking exposure to light at night and obesity comes from a population where nighttime light exposure is minimal, the Old Order Amish. The Amish abstain from using public power and, therefore, are not exposed to common sources of light at night such as televisions, computers, and electrical lights (234) . The prevalence of obesity among the Amish is far lower than the general population in the United States (235) . Lower obesity rates among the Amish are for the most part attributed to changes in activity and diet (235, 236) . However, other environmental factors are likely involved in limiting disease rates among the Amish. For example, the Amish also suffer disproportionately lower rates of breast and prostate cancer (237) . Controlling for known carcinogenic variables such as tobacco use does not completely account for the disparate rates of cancer. Importantly, exposure to light at night is also associated with increased risk for developing both breast and prostate cancer (238, 239) .
V. Additional Pathways Through Which Light Affects Metabolism
There are several additional mechanisms through which nighttime light exposure can affect physiology. Thus far, this review specifically focused on how light at night influences metabolism via disruption of circadian clock genes. Exposure to unnatural light at night may also affect metabolic function through melatonin suppression, alterations in glucocorticoids, and changes in sleep architecture ( Figure 3 ). These additional pathways are distinct, but not independent, from changes in the circadian clock.
A. Melatonin and metabolism
Melatonin is an endogenously synthesized molecule that is secreted by the pineal gland during the night in both nocturnal and diurnal mammals (240) . This means that melatonin rhythms are 12 hours out of phase in diurnal and nocturnal mammals. Melatonin secretion is potently inhibited by exposure to sufficient levels and durations of nighttime lighting in both rodents and humans (241) . For example, exposing people to 1 hour of approximately 45 lux of nighttime light decreases plasma melatonin by ϳ60% (219). The threshold for melatonin suppression is even lower in rodents with light intensities of 1.08 lux reducing pineal melatonin content (115) . In both humans and rodents, melatonin suppression occurs at significantly lower light levels than those required to phase shift the circadian system. Similar to disruption of circadian clock genes, suppressing melatonin secretion is associated with increased risk for developing cancer (242, 243) , obesity (244, 245) , and mood disorders (246) .
The influence of melatonin on body weight in the context of photoperiodism is well documented in rodents. During the short days of winter, when resources are scarce, individuals of many seasonally breeding rodents dramat-ically reduce body mass (247) . Seasonal changes in body mass in some photoperiodic rodents such as Siberian hamsters (P. sungorus) are dependent on changes in the circadian pattern of melatonin secretion (248) . However, melatonin appears to decrease body mass in this context by signaling time-of-day information (249); continuously administering melatonin to Siberian hamsters does not decrease body mass and even prevents short-day reductions in body mass (250) .
Exogenous melatonin treatment reduces body mass in rats. Although melatonin administered through the drinking water does not directly affect metabolism, melatonintreated rats increase nocturnal activity, resulting in reduced body weight gain (251) . Furthermore, melatonin treatment improves glucose homeostasis in Zucker obese diabetic fatty rats (252) and reduces weight gain in rats fed a high-fat diet (253) . Melatonin treatment similarly improves glucose homeostasis in mice fed a high-fat diet but does not prevent increases in weight gain when compared with vehicle-treated mice (254) . Melatonin treatment protects against glucose toxicity in pancreatic ␤-cells (255) . ␤-Cell function and survival often deteriorates in type 2 diabetes even with therapeutic intervention (256) , implicating melatonin as a potential nontraditional treatment.
Melatonin treatment has been proposed as an effective antiobesity therapeutic tool (244, (257) (258) (259) (260) (261) ; however, there has been little work investigating the effects of melatonin treatment on weight regulation in humans. One study reported an association between melatonin and BMI in obese women but not in normal-weight controls or men (262) . Furthermore, low nocturnal melatonin secretion is associated with increased risk of developing type 2 diabetes (263) . Genome-wide association studies implicate noncoding variants in the melatonin receptor 1B with elevated fasting blood glucose and diabetes risk (264 -266) . Melatonin receptors are also expressed in human pancreatic islets. Melatonin treatment stimulates human islet ␣-cells and elevates glucagon release leading to increased insulin secretion (267) . These results contrast with reports in rodents demonstrating melatonin de- creases insulin secretion (268) . However, Ramracheya and colleagues (267) propose that melatonin may have this opposing role in rodents and humans because humans are inactive during the dark when melatonin levels are high. Thus, it may be adaptive for melatonin to stimulate glucagon secretion, ensuring the brain has fuel during the extended overnight fast. Although there is compelling evidence that suppression of melatonin secretion can contribute to weight gain, there are also several limitations suggesting melatonin may not be the primary means through which light affects metabolism, including 1) pineal melatonin suppression requires higher intensities of nocturnal illumination (45 lux) (241) than those typically reported in sleeping environments, 2) nighttime light exposure below the threshold for melatonin suppression is associated with changes in metabolism in humans (14) , and 3) multiple strains of laboratory mice that lack pineal melatonin demonstrate changes in metabolism with nighttime light exposure (97, 98, 140).
B. Glucocorticoids and metabolism
Diurnal variations in other hormones may also be disrupted by exposure to light at night. Glucocorticoids are of particular interest in the context of nighttime light exposure because 1) light at night may be interpreted as a stressor (269, 270) and 2) glucocorticoids are a primary output of, and feedback signal for, the circadian system (271, 272) . There is substantial evidence that stress and glucocorticoids are associated with changes in metabolism. Nondiabetic male volunteers increase energy intake and weight gain when treated with methylprednisolone (273) . Endogenous cortisol secretion is association with obesogenic factors, metabolism, and hemodynamic variables (274). Cushing's disease, which is characterized by hypercortisolism, is associated with obesity (275), and Addison's disease, which is characterized by hypocortisolism, is associated with low body weight (276) . Moreover, chronic stress is associated with increases in high-fat food intake and obesity (reviewed in Ref. 277) .
Although changes in stress steroids are known to affect weight gain, nighttime light exposure has been reported to elevate, reduce, or not affect glucocorticoid concentrations. For example, diurnal Nile grass rats (A. niloticus) increase serum corticosterone concentrations after chronic exposure to dim light at night (278) . In contrast, corticosterone concentrations are unaffected in mice exposed to dim light at night and Siberian hamsters exposed to dim light at night show a dampening of the cortisol rhythm resulting in an overall reduction in cortisol (109, 111) . Furthermore, exposure to constant light reduces (97, 98, 279) or conversely elevates (269, 270) corticosterone concentrations in mice. In humans, sleep disruption and shift work are associated with disrupted cortisol rhythms (280, 281) and light exposure has been reported to increase (282) (283) (284) , decrease (285, 286) , or not affect cortisol levels (282, 284, 287) . This suggests that in common with melatonin suppression, the duration and intensity of the light pulse are likely important factors in determining the effect nighttime light exposure has on glucocorticoids (286) .
Despite disparate effects of light at night on glucocorticoids, rodents show similar changes in physiology and behavior after exposure to light at night (118, 279, 288) and exposure to light at night alters metabolism independent of changes in glucocorticoids (97). This indicates that alterations in glucocorticoids are not critical for changes in metabolism associated with nocturnal illumination.
C. Sleep and metabolism
Finally, exposure to light at night may affect metabolism through disturbing sleep. Sleep disruptions can profoundly affect physiology and contribute to multiple pathological conditions including metabolic syndrome (289, 290) . Short-duration sleep is associated with elevated risk for obesity at all ages in humans (291) (292) (293) (294) , and as few as 5 days of insufficient sleep can cause excess energy intake (particularly during the evening) and weight gain (295) . Along with exposure to light at night, sleep disruption is common among shift workers (296) . Importantly, nighttime light exposure is associated with weight gain but does not disrupt sleep in mice (297) , suggesting sleep disturbances may not be the primary mechanisms for lightinduced changes in weight gain.
Overall, melatonin suppression, circadian disruption, changes in the hypothalamic-pituitary-adrenal axis, and sleep disturbances likely co-occur with nighttime light exposure and all contribute to the deleterious outcomes associated with exposure to light at night. However, there are several caveats of melatonin, glucocorticoids, or sleep disruptions mediating changes in metabolism associated with exposure to light at night. Considered together, light at night appears to primarily affect metabolism through disruption of the circadian system.
VI. Implications and Interventions
Modern society now functions on a 24-hour schedule. Although there are economic and societal benefits to such a schedule, there is converging evidence from epidemiological and experimental work that light at night has unintended, maladaptive consequences. Over 99% of the population in the United States and Europe is exposed to urban light pollution (231) , and many people bring light at night into their homes by turning on electric lights after sunset, watching TV late into the night, and using computers directly before bed. It is estimated that two-thirds of the population experience social jet lag (232) . Moreover, shift workers make up approximately 20% of the populations and are exposed to high and prolonged levels of light at night (229, 230) .
It is important to note that exposure to light at night is not just a human issue. Many plant and animal species are affected by nighttime light exposure, as lighting from infrastructure strays into the atmosphere creating a general nighttime glow termed light pollution (8) . Unnatural exposure to light at night may have significant ecological implications. Indeed, exposure to light at night affects mating (117, 298) , foraging and predation (119 -122) , and migration (123) in multiple species.
Preventing the general population from excessive exposure to light at night can be achieved with relatively low-cost manipulations, such as using blackout curtains or sleep masks to block out street lights, turning off hallway lights, and removing televisions and computers from bedrooms. Adhering to a consistent schedule and avoiding rapid phase shifts can also minimize social jet lag (232) . In shift-working populations, avoiding phase shifts and nighttime light exposure is often impossible. However, not all nocturnal illumination equally affects the circadian system. The intrinsically photosensitive retinal ganglion cells that project to the SCN are most responsive to the blue region of the visible spectrum (ranging from 450 -485 nm) with longer wavelengths of lighting minimally influencing the circadian system (93, 94, 299). Manipulation of lighting wavelength may prove effective in blocking out lightinduced physiological changes. To that end, ongoing research is investigating the effectiveness of preventing exposure to blue wavelength light with specially designed goggles and light fixtures. Providing people with goggles excluding wavelengths of light less than 530 nm prevents nocturnal suppression of melatonin in a simulated shift work environment (300) . Rescuing endogenous melatonin production in this study did not impair measures of performance or alertness (300) . Alternatively, other studies have investigated correcting circadian disruption with light (301) . Reversing shift-workers' biological clock by exposing them to bright light pulses during the night shift and providing dark goggles during the morning commute home increases daytime sleep episodes (301) .
VII. Conclusions
Overall, exposure to light at night can disrupt circadian clock mechanisms in the SCN and peripheral tissues. Disruptions in circadian clock mechanisms are associated with weight gain in rodents and humans. Furthermore, exposure to light at night and shift work lead to changes in timing of food intake, which are also associated with increases in weight gain. The global increase in the prevalence of obesity and metabolic disorders coincides with the increase of exposure to light at night and shift work. These converging lines of evidence indicate that exposure to light at night may cause metabolic changes in mammals.
Throughout this review, we focused on how circadian disruption due to nighttime light exposure affects metabolism. We predict, however, that circadian disruption caused by other sources would similarly affect metabolism. Factors that disrupt the circadian system often cooccur, making it difficult to tease apart the effects of one specific element. The reason that we focus on light in this review is that exposure to light at night is generally considered an innocuous environmental factor but, in fact, has clear consequences for the circadian system.
There is now substantial evidence that nighttime light exposure affects human health. Promoting awareness of circadian biology and the consequences of nighttime light exposure in both the scientific community and general public are critical. For example, reducing nighttime light exposure in animal colony rooms (typical sources include glass windows on doors, ventilated racks, etc,) could improve animal housing conditions and make research outcomes more consistent.
Future research should establish the pathways through which light exposure alters circadian clock genes and determine the elements of this pathway that are crucial for metabolic disruption. Additionally, there are very few clinical studies assessing the effects of nighttime light exposure in the human population. Future studies should determine what light levels are like in home environments and also places such as nursing homes and hospitals where people may be particularly vulnerable to the negative effects of nighttime light exposure. Better characterizing electric light environments and determining the consequences of nighttime light exposure on human health can be used to develop indoor and outdoor lighting that is optimized to prevent negative effects of nighttime light exposure.
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